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INTRODUcTION
Habitat degradation and fragmentation, over-exploitation and an ever-increasing human population are some of the important factors responsible for species losses and extinction around the world (Barnosky et al. 2011) . It is bringing about onefifth of the plant species at the risk of extinction (Brummitt and Bachman 2010) . A pressing challenge faced by scientists is to understand the processes controlling species distribution and the influential deterministic environmental factors Downloaded from https://academic.oup.com/jpe/article-abstract/9/6/742/2623740 by guest on 20 March 2019 (Swenson et al. 2012) . Establishing nature reserve or cultivating in suitable regions for endangered plants is one of the successful measures for species rehabilitation and resource utilization (Polak and Saltz 2011) . Natural active ingredients extracted from medicinal plants for drugs or healthy foods have played a decisive role not only in the treatment of major diseases (such as taxol and artemisinin), but also in the economic development of medical enterprises (Gilbert 2011; Tu 2011) . However, the continued demand for medicinal plant resources has led to excessive predatory excavation of wild forests with the development of pharmaceutical industry . Moreover, the degeneration of suitable habitat has threatened the supply of medicinal materials, and even has led to the extinction of some engendered medicinal plants (Barnosky et al. 2011; Irfan-Ullah et al. 2007; Kumar and Stohlgren 2009) . Predicting the suitable distribution is fundamental to protect or cultivate medicinal plants. Nevertheless, there is a great risk to introduce and cultivate medicinal plant forests if planners determine the suitable cultivation region based on personal subjective experience alone. The investigation of conservation and utilization for medicinal plants has been hampered by difficulties in employing appropriate ecological methods. Until now, few previous studies have dealt with the potential distribution prediction using scientific modeling (Yang et al. 2013) . Therefore, it is of significant value to know what methods are useful for predicting where the suitable cultivation region is for medicinal woody plants.
Currently, the most frequently used ecological modeling for species distribution prediction are genetic algorithm for rule-set production (GARP), ecological niche factor analysis (ENFA), bioclimatic modeling (BIOCLIM), domain environmental envelope (DOMAIN) and maximum entropy (Maxent), while the Maxent modeling exhibits higher precision than the other four Species Distribution Models (SDM) (Phillips et al. 2006; Phillips and Dudík 2008) . The Maxent modeling and geographic information system (GIS) have been widely used in the field of the conservation of animals and plants (particularly the endangered species), species invasion and crop planting regionalization (Cauwer et al. 2014; Franklin 2009; Jaime et al. 2015; Peterson et al. 2011; Yu et al. 2014) . However, the active ingredients in medicinal plants are almost secondary metabolites, and are related to environmental stresses (Ramakrishna and Ravishankar 2011) . There is an intriguing question that the most suitable distribution predicted only by Maxent modeling is probably not the optimum habitat, and the medicinal material may have lower contents of active ingredients, which would not meet the clinical demand. Addressing this contradiction requires the investigation of specific objective methods employed in generating the suitability evaluation of medicinal woody plants. Fuzzy logics could eliminate the differentia of original dimensions regarding different environmental factors in the absence of suitable habitats, and then the evaluation is conducted according to a unified standard (Pradhan 2011) . This method has found successful applications in winter wheat, summer maize and rice (Tuan et al. 2011) . Therefore, we attempt to make a standardization process of Maxent modeling and fuzzy logics to construct the relationship between the content of active ingredients of medicinal plants and the environmental factors for predicting suitable cultivation regions.
C. officinalis is a deciduous and perennial tree within the family Cornaceae, and its air-dried pericarp has long been exploited as traditional herbal medicine in China, Japan, the Korean Peninsula and other Asian countries (Baik et al. 1986; Hanelt and IPK 2001; Lee et al. 2009 ). The loganin, an active ingredient of C. officinalis, is claimed to not less than 0.6% of dried medicinal materials (National Pharmacopoeia Committee 2005) . The high price of C. officinalis pericarp in 1980s lured the villagers to transplant the wild resources. Nowadays, the wild forest resource of C. officinalis can rarely be found in field surveys, and the raw materials of C. officinalis are mostly obtained from wild upbringing or cultivation . With the implementation of the 'Restoring Farmlands to Forests' policy by the Chinese government, C. officinalis forest has been widely introduced and planted in hilly regions of China (Bai et al. 2009; Li et al. 2012) . However, previous planting regionalization has been determined solely on the basis of local farmers' personal experience. A principal approach is to determine the suitable regions that meet the habitat requirement of C. officinalis. Up to now, we have collected a big set of data on the phenotypic traits and active ingredient during our previous studies upon its genetic diversity and germplasm evaluation in China (Bai et al. 2009; Guan 2008; Guan et al. 2008; Li et al. 2012; Zhang et al. 2012) . To fully uncover the suitable habitat distribution of medicinal plants (e.g. C. officinalis), we used Maxent modeling and fuzzy logics based on GIS (Fig. 1) to: (i) explore the method for predicting potential geographical distribution as well as active ingredient of medicinal plants; (ii) predict the habitat distribution of C. officinalis and (iii) determine the key ecological factors affecting the distribution of C. officinalis.
METHODS

Species occurrence record
In all, 106 localities of C. officinalis in China were used as the occurrence data. These include 33 localities corresponding to field observations examined by Dr. Chengke Bai and other records reported in the literature by our research group through 2000 to 2014 (Bai et al. 2009; Guan 2008; Li et al. 2012; Zhang et al. 2012) , and 73 specimen records of the species from the Chinese Virtual Herbarium (http://www.cvh.org. cn) and the Global Biodiversity Information Facility (GBIF) (http://www.gbif.org). We determined the latitude and longitude of these localities by a variety of sources, including global positioning system (GPS), topographic maps and original publications by collectors. Since spatial clusters of localities exist, models are often over-fit towards environmental biases and model performance values are inflated (Boria et al. 2014) . Thus, we used the Spatially Rarefy Occurrence Data Tool in the SDMtoolbox to rarefy occurrence records (Brown 2014) . The original distribution data with high spatial autocorrelation were verified and excluded, and then we used a total of 106 occurrence records of C. officinalis for review (Fig. 2) .
Data of loganin content
The loganin content of 156 C. officinalis germplasm resources, which were collected from Shaanxi, Henan and Zhejiang provinces for previous studies upon genetic diversity and breeding new varieties in our research group, were tested by high-performance liquid chromatography (HPLC) (Bai et al. 2009; Guan 2008; Li et al. 2012; Zhang et al. 2012) . In order to raise the reliability and accuracy of the model, an additional dataset of loganin contents in 78 samples were collected from literature published by other authors (Xie et al. 2012; Yu et al. 2008) . Totally, 234 localities of C. officinalis with estimated loganin content were included in this study. Most of these localities were spatially close to the location points of occurrence records (Fig. 2) . Collectively, these data of loganin content provide the key biotic features for modeling on the evaluation of potential distribution regions in China.
Environmental variables
In this study, 79 environmental variables were selected and downloaded from the WorldClim website (http://www.worldclim.org) ranging from 1950 to 2000 with the resolution of 30 arc seconds (~1 km) for preliminary analyses. The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Global Digital Elevation Model Version 2 (GDEM V2) with 30 m resolution, downloaded from the NASA website (http://reverb.echo.nasa.gov), was used for layer overlay. The soil data were downloaded from HWSD database (http:// webarchive.iiasa.ac.at/Research/LUC/External-World-soildatabase/HTML/). Following our field observations of soil features that mostly influence the growth of C. officinalis, the values of reference bulk density, clay fraction, gravel content, organic carbon, pH and sand fraction of topsoil (0-30 cm) in China were separately calculated using the joined soil attribute database.
Correlation analysis
Taking into account the characteristics of field growth and phenological phase of C. officinalis, 19 bioclimatic variables ranging from bio1 to bio19, 12 monthly variables including maximum temperature, minimum temperature, mean temperature, precipitation in January, March and July, and the topographical variable (altitude), were selected for the correlation analysis. For the correlations among these environmental variables, we then conducted the multicollinearity test by using Pearson Correlation Coefficient (r) to determine a set of independent variables (Sillero 2011) . For variables with cross-correlation coefficient value ≥ ±80%, only one was selected (Yang et al. 2013) . Ultimately, a total of 16 environmental variables were applied for building the Maxent modeling for C. officinalis in this study.
Fuzzy membership
The current membership functions can be classified into five ways (Dombi 1990) . Typically, the selection of a suitable membership function for a fuzzy set is one of the most important activities in fuzzy logics. Given the biological interpretation of the environmental variables, we selected the fuzzy linear membership function to evaluate the range of each layers as following ( Fig. 3) :
The chosen variables were processed in the fuzzy linear model according to the cell values (maximum, minimum) of localities with estimated loganin content. With the value of loganin content at 0.6% for clinical therapy (National Pharmacopoeia Committee 2005), each environmental layer was reproduced for further analysis.
Background selection via bias files
The misuse of ecological niche modeling (ENM) can result great misleading (Araújo and Peterson 2012) . A critical issue for ENM is the selection of background points. In most cases, the performing of models tend to be over-fit, because selection criterion favor a model that fail to predict the species in the uncolonized climatically suitable habitat. In recent years, a series of advancements have been achieved on the selection of geographic background and reduction of space correlation in ENM (Anderson and Raza 2010; Boria et al. 2014; Radosavljevic and Anderson 2014; Shcheglovitova and Anderson 2013) . In order to fine tune the background and occurrence point selection of C. officinalis, we create bias files for background selection in Maxent. The proper use of bias files can avoid sampling habitat greatly outside of a species' known occurrence or can account for both collection sampling biases and latitudinal biases associated with coordinate data (Brown 2014) . Here, we used the Correcting Latitudinal Background Selection Bias Tool in the SDMtoolbox to prepare bias files for use in Maxent (Brown 2014 Step 2 was set to 1500 km, which was determined as the species-specific value for C. officinalis. As a result, we obtained the bias files for background selection in Maxent.
Spatial modeling and validation
We built the model of the potential distributions of C. officinalis in Maxent 3.3.3k (Phillips et al. 2006) . We selected all the available features derived from continuous variables, namely linear, quadratic, product, threshold and hinge. To reduce the tendency to create models that are over-fit, Maxent employs what is termed regularization to penalize strong weights given to features. This process is similar in intent to selecting optimal models using the Akaike Information Criterion (AIC; Warren and Seifert 2011) . It is demonstrated that the optimal performance of Maxent modeling corresponds to regularization multipliers higher than the default. Specifically, regularization multipliers as high as 2.00-4.00 are necessary to reduce overfitting to low levels (Muscarella et al. 2014; Radosavljevic and Anderson 2014) . Here, we set the value of regularization multiplier to 3.00, which is determined as the species-specific value for C. officinalis. One hundred replicated runs of bootstrap type were completed to build the model. The options of 'create response curves' and 'Do jackknife' were selected.
The Maxent modeling generates AUC value to validate the robustness of niche prediction. However, the AUC values directly produced by Maxent modeling were flawed in most cases. It is based on presence-background data, instead of presence-absence data. Hence, we used the null-model approach for modeling validation (Raes and ter Steege 2007) . We built 100 sets of 106 randomly selected records from all known collection localities in our study region. For each set containing 106 random points, we run a Maxent model with identical settings as we used for real occurrence records. Since we tested whether Maxent's AUC value deviates significantly from a null model, the value of 'random test percentage' was set to zero resulting in training data only.
RESULTS
Modeling result validation
We evaluated models using the threshold-independent receiver operating characteristic (ROC) analysis. The area under the curve (AUC) with high values refers to good results that significantly differ from random predictions. The Maxent model output yielded satisfactory results with the given set of training and test data and the final model had high accuracy with an AUC value of 0.965 (Fig. 4) . This value is higher than its corresponding 95% confidence interval (C.I.) AUC values (the 95th value is 0.83) of the environmentally bias corrected null models, which range from 0.763 to 0.842. Therefore, it is clearly shown that the prediction result significantly deviates from what would be expected by random chance. Meanwhile, it should be noted that the prediction result was consistent with the extent of areas of original occurrence records, and that the combined use of Maxent modeling and fuzzy logics is suitable for predicting potential distribution regions of C. officinalis.
The output results of ACSII format were imported into ArcGIS 10.1 for suitability classification and visual interpretation. The comprehensive probability of suitable distribution regions was classified into four classes: (i) least suitable (P < 0.1); (ii) moderate suitable (0.1 ≤ P < 0.3); (iii) good suitable (0.3 ≤ P < 0.5) and (iv) high suitable (P ≥ 0.5). We extracted the areas of good and high suitable (shown as the 'core distribution zone' of Fig. 5 ) and conducted further analyses on these regions.
Suitable habitat distribution
The predicted result of Maxent modeling presents a comprehensive framework of the distribution of C. officinalis. The potential highly suitable habitat totaled 302 418 km 2 in area (approximately accounting for 3.3% of China's territory) ( Table 1 ). The vast majority of these areas mainly lie within the south of Shaanxi Province (southern edge of Mts. Qinling), the southwest of Henan Province, the adjacent region of Hubei and Anhui provinces (mainly in Mts. Funiu, and the eastern part of Mts. Qinling), and Zhejiang Province (mainly in the southern part of Mts. Tianmu) (Fig. 5) . This is virtually consistent with the extent of traditional production areas, as well as the occurrence record areas in our preceding field observations. The other sporadic potential distributions include the regions of the north and west of Sichuan Province, the west of Shanxi Province, and the southwest of Shandong Province. Parts of Anhui, Hubei and Sichuan provinces were predicted as potential suitable areas beyond the traditional production areas in Shaanxi, Henan and Zhejiang provinces.
Furthermore, the predicted highly suitable habitat would contribute considerably to our understanding of distribution pattern, potentially providing references for the habitat conservation and planting planning of C. officinalis. Collectively, the potential suitable regions underlie the 'core distribution zone' for C. officinalis and could be named 'Qinling-FuniuTianmu mountain zone', which presents a narrow distribution zone in east-central China (Fig. 5) .
Key environmental factors influencing the habitat distribution
The key environmental factors could be determined according to their contributions to the modeling process. The contribution results indicated that the key environmental factors that had a determining influence on both suitable geographical distribution and loganin content of C. officinalis were average monthly precipitation of March (tmin3, 32.7%), average monthly precipitation of March (pre3, 21.4%), temperature seasonality (bio4, 9.4%), altitude (8.3%), annual precipitation (bio12, 6.7%) and isothermality (bio3, 4.7%) ( Table 2 ). The remaining 10 variables have comparatively less influences, and the topsoil sand fraction (tsand, 3.2%) and topsoil pH (H 2 O) (tph, 2.6%) serves as higher influential factors in soil factors. Further analyses showed that temperature and precipitation had considerable impacts on both the geographical distribution and the loganin content of C. officinalis. We calculated the features of three parameters available for the above 16 variables (supplementary Table S1 ; Fig. 6 ). Collectively, we found that C. officinalis required strict conditions in the highly suitable ecological environment. Ecological niches that are below or above the optimal conditions are not suitable for the growth of C. officinalis. For example, the variable tmin3 has the lowest value (27.84 ± 22.05) in the high suitable class, while the variable prec3 has an intermediate value (41.81 ± 26.56) in the high suitable class. The analysis results indicated that the six influential environmental factors not only affect the geographical distribution, but also determine the loganin content of C. officinalis. As a whole, C. officinalis prefers to cultivate in regions with altitude around 692 m, minimum temperature of March around 2.78°C, average monthly precipitation of March 41.8 mm, annual precipitation 905 mm and neutral or alkalescent soil with faintly acid (pH around 6.4). This result will enable us to clearly identify the habitat requirement of C. officinalis, thereby providing distinct strategies for effective conservation and utilization.
DIScUSSION
A detailed knowledge of species distribution is often a pre-requisite to rehabilitate and utilize the species in any ecosystem.
Maxent has been used to predict the pattern of species abundance distributions (Pueyo et al. 2007) , geographical distributions (Phillips and Dudík 2008) , spread of invasive species (Thuiller et al. 2005) and even the distribution of trophic links in food webs (Williams 2010) . Theoretically, the potential distribution predicted by Maxent modeling is most suitable for habitat requirement of medicinal plants. In practical cultivation, however, the cultivators often blindly chase the yield of medicinal materials, whereas the clinicians pay more attention to active ingredients in medicinal materials. Nevertheless, the active ingredient is almost secondary metabolite, which is related to environmental stresses (Ramakrishna and Ravishankar 2011) . If only using Maxent modeling to predict potential geographical distribution, we would probably get biased results that the highly suitable regions for medicinal plants may not be the optimum cultivation regions with high quality of medicinal materials. As a mathematical evaluation algorithm, fuzzy logics is an effective procedure of standardization compared with other prediction methods (e.g. ecological niche factor analysis, resource selection function, expert models) and has been successfully employed in predicting potential distributions (Pradhan 2011) . To solve this contradiction, we sought to use loganin content of 234 samples collected from production regions of C. officinalis as a variable to combine Maxent modeling and fuzzy logics to predict potential suitable cultivation regions, which are not only most suitable for plant growth, but also appropriate for the formation of medicinal materials with high quality. As expected, the high AUC value and the predicted distributions both supported our conclusions. The predicted high suitable cultivation regions are located in the traditional production regions such as Hanzhong in Shaanxi Province, Nanyang in Henan Province, and the adjacent regions of Anhui and Zhejiang provinces. Those potential suitable cultivation regions are the most important production regions of C. officinalis in historical and current context (Bai et al. 2009; Guan 2008; Li et al. 2012; Zhang et al. 2012) . Interestingly, some areas of Hubei, Sichuan, Shanxi and Shandong provinces are also predicted to be suitable for cultivation, and this would provide references for introducing C. officinalis into those suitable regions in the future. Environmental factors affect not only plant growth and reproduction, but also the content of active ingredients and the yield of medicinal materials (Ramakrishna and Ravishankar 2011) . Though individual environmental factors exerted different influences on the suitable distribution (Fig. 7) , the final results predicted by combining Maxent modeling and fuzzy logics with all environmental factors and loganin content were significant different from those of individual factors. Six of the 16 environmental factors (including tmin3, pre3, bio4, alt, bio12 and bio3) are key environmental factors affecting both suitable cultivation regions and the loganin content of C. officinalis. There is a reasonable interpretation to explain how the environmental factor affects the suitable distribution and the loganin content. The predicted results showed that highly suitable cultivation regions are most located in shallow mountainous areas with an altitude from 400 to 1500 m, while the moderately or least suitable areas are mainly distributed in low-altitude (< 400 m) basin or high-altitude (> 2000 m) mountainous areas in the 'core distribution zone'. In terms of the phenological phase of C. officinalis, the flowering stage usually started from late February to March. Any low temperature (below the freezing point) or snowfall in March would lead to severe damage to the blooming buds. Specifically, more serious irreversible impairment would occur, once the temperature fall to below −5 °C (Bai et al. 2009; Flora Committee 2005) . This agrees with the generally accepted viewpoint that the suitable temperature in March should be most indicative of the yield for C. officinalis (Guan 2008 ). The pre3 is another important environmental factor because the higher precipitation of March is very favorable to wake up and germinate and then to get a high fruiting rate. The "core distribution zone" of C. officinalis was determined to cover the southern and southwestern Mts. Qinling, the middle of southern Mts. Funiu, and the eastern and southern Mts. Tianmu (Fig. 5) . As was confirmed by the variable temperature seasonality, the above regions are located within the line of demarcation of the climatic zones of the northern subtropics and the warm temperate zone, where the climate type was strikingly diverse and seasonally stable with the sub-humid warm temperate climate. The ecological environment within this core region exhibits favorable features, and can meet the habitat requirement of C. officinalis. As a whole, environmental factors, including tmin3 (2.78 °C), pre3 (41.8 mm), alt (692 m), annual precipitation (905 mm) and tph (6.4), would provide theoretical references for the habitat restoration and resource utilization of C. officinalis in this core distribution area.
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